The Lower Cretaceous Sindong Group in southeastern Korea is a fluvio-lacustrine sedimentary package deposited in an elongated basin formed by extension in an active continental margin setting. To characterize its changes in paleodrainage system, we analyzed U-Pb ages of detrital zircons in sandstones from each stratigraphic units in northern, central, and southern parts of the Sindong Group. Detrital zircons show a wide range of ages from 106 Ma to 3494 Ma with spatiotemporal variations in age population. Detrital zircon age spectra and paleocurrent data reveal that at least three drainage basins sourced to the Early Cretaceous river system in the Yeongnam Massif. The drainage system for the central portion of the basin was consistent with time, whereas those for the northern and southern portions shifted between the Nakdong Formation and Hasandong Formation. The strong influences resulting from the confluence of dispersal path draining Jurassic granitoids, possibly aided by faulting activity, likely caused the replacement of paleodrainage system in the northern portion. The drainage system of the southern portion was changed by extension of the drainage basin to the source terrane having similar geology to or shared the source terrane for the paleoflow system for the central portion.
Introduction
Detrital zircons offer an excellent way to track the dispersal system from source to sink. Detrital zircon geochronology has proven to be an essential technique in provenance analysis. This technique determines source rock ages, thereby further discriminating potential source areas for sediment and sediment transport systems (e.g., Rainbird et al., 1997; Gehrels and Stewart, 1998; Dickinson and Gehrels, 2003; Barth et al., 2004; Lawton et al., 2009; Raines et al., 2013) . Detrital zircon geochronology has also been successfully defined sediment source areas and fluvial lineages in the modern Snake River drainage basin of the northwestern United States (Link et al., 2005) . By integration of detrital zircon U-Pb geochronology with paleocurrent analysis, Roberts et al. (2012) addressed the timing of rifting, landscape evolution, and drainage development in central-eastern Africa and showed that tectonics of continental provenance affect drainage patterns, directing, and rerouting large rivers.
The Gyeongsang Basin in southeastern Korea is a nonmarine sedimentary basin which was formed by extension in an active continental margin setting (Fig. 1) . The earliest basinfill of the Gyeongsang Basin is the Sindong Group (Abtian-Albian; Lee et al., 2010) , a fluvio-lacustrine sedimentary package deposited in an elongated basin (the Nakdong Trough). Petrography and paleocurrent data suggest that the western and northwestern Yeongnam Massif located to the west of the Nakdong Trough provided detritus for the Sindong Group (Chang and Kim, 1968; Koh, 1974 Koh, , 1986 . On the other hand, recent studies on the detrital zircon geochronology of the Sindong Group sediments (Lee et al., 2017; Lee et al., 2018a, b) revealed the Okcheon Metamorphic Belt as an additional source region of the Sindong Group.
The integration of petrographic and quartz scanning electron microscope-cathodoluminescence data led Lee et al. (2015) to conclude that the type of source rocks in the Yeongnam Massif was heterogeneous both spatially and temporally, due to different paleodrainage and paleofluvial system developed in the Nakdong Trough. They also interpreted that the temporal decrease in quartz content and increase in feldspar content resulted from tectonic events leading to the active uplift of the source areas and arc magmatism in the late stage. However, it is yet clear the relationship between different provenances and drainage patterns in the Yeongnam Massif for the Sindong Group deposition. Source rocks of the Sindong Group commonly have felsic composition that makes difficult to determine their dispersal pattern. As the formation ages of these source rocks are strikingly different, analysis of detrital zircon population of the Sindong Group is promising to track temporal and spatial changes in sediment dispersal and drainage areas of their provenance. Thus, using detrital zircon U-Pb geochronology, this study intends to document the dispersal path from the source to the depositional site during the Sindong Group deposition.
Geological Setting
The Gyeongsang Basin is a non-marine sedimentary basin formed in the southeastern part of Korea during Early Cretaceous time (Aptian-Albian; Lee et al., 2010) (Fig. 1 ). It was developed by extensional tectonics in an active continental margin caused by the subduction of the Paleo-Pacific (Izanagi) Plate beneath the East Asian continent. The Cretaceous rocks in the Gyeongsang Basin are divided into four groups based on volcanism and plutonism (Chang, 1975) : they are the Sindong, Hayang, Yucheon, and the Bulguksa intrusive groups in ascending order.
The Sindong Group was deposited in an elongated basin (the Nakdong Trough; Chang, 1987) along the western margin of the Gyeongsang Basin. The Sindong Group is underlain unconformably by basement on the west side and overlain conformably by the Hayang Group on the eastern side. The Sindong Group is 2-3 km thick, and consists mainly of sandstone and mudrock, with minor amounts of conglomerate and marl. The Sindong Group is divided, based on lithologic features including rock color, into the Nakdong (alluvial fan to fluvial deposits), Hasandong (fluvial deposits), and Jinju (lacustrine deposits) formations with decreasing age (Chang, 1975; Choi, 1981) . The Nakdong Formation is about 550 m thick but thickens northwards. The lowermost part of the formation consists of mid-fan conglomerates overlain by distal-fan sandstones intercalated with dark gray mudstones and black shales. The alluvial-fan deposits grade upwards into fluvial plain deposits, which are composed mainly of an alternation of channel sandstones and inter-channel dark gray mudstones and siltstones. The Hasandong Formation is approximately 1100 m thick and is similar to the upper part of the Nakdong Formation in that it consists of alternating channel sandstones and inter-channel fine deposits, but shows characteristic red beds containing abundant pedogenic carbonate nodules and layers (Lee, 1999) . The lacustrine Jinju Formation is about 1200 m thick and is made up mainly of dark gray to black mudstones, deeper open lake black shales, and channel sandstones. Based on the petrographic study, most Sindong Group sediments are interpreted to have been derived from the Precambrian gneisses and Jurassic granitic rocks in the Yeongnam Massif, located to the west and northwest (Koh, 1974; Lee et al., 2010; Lee et al., 2015) . However, the upper half of the Jinju Formation contains a significant amount of volcanic detritus (Choi, 1986; Noh and Park, 1990; Lee and Lim, 2008; Lee et al., 2015) , suggestive of its derivation from syndepositional volcanism. Paleocurrent studies indicate that the mean direction of sediment transport was toward the east and southeast (Chang and Kim, 1968; Koh, 1986) , whereas detritus in the northernmost part of the Nakdong Trough was derived mostly from the north and northwest (Rhee et al., 1988) .
Deposition of the Hayang Group accompanied the basin extension to the east along with the sporadic volcanism in and around the basin (Chang, 1970 (Chang, , 1987 . Sediments were derived from both the volcanic and plutonic-metamorphic provenances (Lee and Lee, 2000) . During this interval, the Gyeongsang Basin was divided into three subbasins with different subsidence histories and sedimentary environments.
Sedimentary rocks of the Sindong Group are interpreted as the prevolcanic stage deposits, and the Hayang Group comprises volcanogenic sediments, which are intercalated with some volcanic horizons. Studies on Charophyta (Seo, 1985; Choi, 1987 Choi, , 1989 ) and spores and Lee et al., 2010) .
pollen (Choi, 1985; Choi and Park, 1987) suggest that the Sindong and Hayang groups were deposited during the semi-arid climatic conditions. The volcanic and volcaniclastic rocks of the Late Cretaceous are called the Yucheon Group, and the mostly felsic plutonic rocks are collectively called the Bulguksa Granite, whose isotopic ages of granite intrusion generally ranging from ca. 120-40 Ma, and most were clustered between 85 and 70 Ma (Shin and Jin, 1995) .
Compilation of petrographic data reveals that Sindong Group sandstones are generally rich in quartz and feldspar with a mean modal composition of Q 5 9 F 3 1 R 1 0 (Lee et al., 2015) . Quartz content decreases up sequence for all parts of the basin, whereas feldspar content has the opposite trend, with a slight increase in rock fragments. Rock fragments in the Nakdong and Hasandong sandstones are composed of metamorphic and sedimentary rocks, whereas volcanic rock fragments from contemporary arc volcanism are most common in the upper Jinju Formation sandstones, especially in the central and southern portions of the basin. Based on the spatial distribution of Lower Cretaceous detrital zircons in the Nakdong Trough, Lee et al. (2010) interpreted that location of magmatic activity in the Yeongnam Massif changed from the northern and central parts to the central and southern parts during deposition of the Sindong Group. The Gyeongsang Basin experienced maximum burial paleotemperatures of about 260 o C (Lim et al., 2003) and underwent two cooling episodes (ca. 95-80 Ma and after 15 Ma), with the first rapid exhumation facilitated by the subduction of the Izanagi-Pacific Plate ridge (Choi and Lee, 2011) .
The Yeongnam Massif is a Paleoproterozoic polymetamorphic terrain bounded to the northwest by the Okcheon fold belt. The Okcheon fold belt is an intra-plate rift composed mainly of Neoproterozoic metavolcanic rocks and Paleozoic metasedimentary sequences (Cho and Kim, 2005; Cho et al., 2013) . The Yeongnam Massif is made up of two Precambrian gneiss complexes: the Sobaeksan gneiss complex in the northeast and the Jirisan gneiss complex in the southwest. The Sobaeksan complex includes a broad distribution of Precambrian metasedimentary rocks, such as banded biotite gneiss, mica schist, quartzite, and calc-silicate rocks. The Jirisan complex comprises granite gneiss, porphyroblastic gneiss, augen gneiss, migmatite gneiss, and banded gneiss with minor amounts of schist and amphibolite. N-Strending Paleoproterozoic anorthosites intruded into the Jirisan complex close to the southwestern boundary of the basin. These Precambrian rocks were metamorphosed up to granulite facies (Lee et al., 1986) and were intruded by Triassic, Jurassic, and Cretaceous granites.
Triassic granitoids in the Yeongnam Massif (240-209 Ma; Cheong and Kim, 2012) are I-type plutons with metaluminous to weakly peraluminous compositions, reflecting the assimilation of crustal material. They were formed as a result of subduction-related primitive arc magmatism and are distributed mainly as small plutons in the Sobaeksan gneiss complex. Most of the Triassic granitoids were foliated during the Middle Jurassic Daebo orogeny. Jurassic granites (196-169 Ma; Cheong and Kim, 2012) form a large batholith and are generally medium-to coarse-grained porphyritic biotite granites (Jwa, 2004) . They are mainly felsic I-type, peraluminous, and formed in a calcalkaline continental-arc environment (Cheong and Chang, 1996a, b; Jwa, 2004; Kim et al., 2005) . The Jurassic granites are in general distributed along the long direction of the Yeongnam Massif. The Jurassic granites are thought to have been emplaced at 12-28 km depths (Cho and Kwon, 1994; Hong, 2001) . Jwa (2004) posited that the Tri-assic and Jurassic granites can be separated into high-and low-temperature granites, respectively, based on their Zr contents.
Considering large exhumation of the Yeongnam Massif and the Gyeongsang Basin during the Late Cretaceous caused by the subduction of the Izanagi-Pacific Plate ridge (Choi and Lee, 2011) , the present geology of the Yeongnam Massif may not represent the sourcearea characteristics during the deposition of the Sindong Group. Thus, it is one of the study purposes to compare the provenance of the Sindong Group with the current geology of the Yeongnam Massif.
Methods
A total of nine sandstone samples from the Sindong Group were collected from three different parts of the Nakdong Trough (northern, central, and southern regions; Fig. 1b ). In each part of the basin, one channel sandstone sample was collected from each formation, representing the middle stratigraphic level. We mounted a total of 900 zircon grains (63-125 µm in size) (100 zircon grains from each sandstone sample) on PFA Teflon sheets. Then, the grains were polished, cleaned, and carbon-coated to determine internal structures. Cathodoluminescence (CL) images of zircon grains were obtained using a scanning electron microscope (JEOL JSM-5400).
The analytical method for conduction detrital zircon U-Pb age dating for the Sindong Group sandstones is the same as that followed by Lee et al. (2010) . LA-ICP-MS was conducted using a Thermo Elemental PlasmaQuad 3 housed at the Earthquake Research Institute, the University of Tokyo. We used the ISOPLOT program (Ludwig, 2003) for data processing, and the error is quoted at 2σ. The age probability plots were constructed using the Pb ages for zircons with ages younger and older than 1000 Ma, respectively. Only ages with <15% discordance or <10% reverse discordance were used for provenance interpretation.
Results

Detrital Zircon U-Pb Ages
Zircon grains of the Sindong Group show a wide range in color and morphology. The morphology of zircon grains ranges from euhedral prismatic crystals to irregular-and oval-shaped zircons. Detrital zircon grains showing euhedral prismatic crystal morphology are of Mesozoic in age. Among 900 zircon grains analyzed, 666 zircon grains yielded concordant or slightly discordant Archean to Cretaceous U-Pb ages. Analytical results are listed in Table 1 . Among them, 46 Cretaceous U-Pb ages were reported in Lee et al. (2010) . Figure 2 shows the distribution of ages in the form of relative age probability curve, which sum probability distributions from all age analyses from a given sample into a single composite probability distribution. Most of the studied zircons show CL images of oscillatory zoning, indicating that they are of igneous origin, supported by all zircons but 18 grains have Th/ U ratios larger than 0.1 (Table 1) .
Zircon U-Pb ages of the Sindong Group range from 106.0 ± 1.9 Ma to 3494 ± 74 Ma. Most Sindong Group zircons fall into three major peak-age groups: 1870 Ma (25%), 176-185 Ma (13%), and 227 Ma (Fig. 2) .
Nakdong Formation
Among 300 zircons analyzed, 227 zircon grains yielded concordant or slightly discordant Paleoproterozoic to Lower Cretaceous U-Pb ages (Fig. 3a; Table 1 ). Zircon U-Pb ages of the Nakdong Formation range from 118 ± 3 Ma to 3494 ± 74 Ma and fall into four main age groups. The zircon age spectrum is dominated by Late Paleopro-terozoic ages between 1804 and 2013 Ma (29%) with a prominent peak at 1875 Ma, followed by Early Jurassic ages between 172 and 198 Ma (11%) with a peak at 183 Ma, Middle to Late Jurassic ages between 152 and 170 Ma (9%) with a peak at 167 Ma, and by Late Triassic ages between 210 and 235 Ma (7%) with a peak at 227 Ma. Also, there is a notable age cluster in the age range of 2307-2473 Ma (8%).
Nakdong detrital zircons show spatial age variations in the basin (Fig. 3b ). The age distribution patterns of the northern and central Nakdong samples are similar but different from that of the southern Nakdong sample. The latter is predominated by Paleoproterozoic and Early Jurassic detrital zircons in that order but lacks Cretaceous, Late Jurassic, Paleozoic, and Neoproterozoic zircons.
Hasandong Formation
A total of 200 zircon grains yielded concordant or slightly discordant Paleoarchean to Early Cretaceous U-Pb ages (Fig. 4a) . The zircon ages are widely spread, ranging from 109 Ma to 3360 Ma. Most zircons fall into four main age clusters: Jurassic ages between 158 and 194 Ma (27%) with a peak at 177 Ma, Late Paleoproterozoic ages between 1804 and 2027 Ma (22%) with a peak at 1869 Ma, Neoproterozoic ages between 731 and 844 Ma (10%) with a peak at 782 Ma, and Triassic ages between 202 and 245 Ma (9%) with a peak at 227 Ma. Also present is a tight Early Cretaceous age cluster between 109 and 125 Ma.
Like the underlying Nakdong Formation, the age distribution of the Hasandong detrital zircons shows spatial variations in the basin (Fig.  4b) . The detrital zircons of the Hasandong samples from the central and southern portions of the basin show similar age spectra, but the Pb.
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Degree of discordance (%); negative numbers and blanks show normal discordant and concordanct within 2σ of the analytical error, respectively. age distribution of detrital zircons from the northern Hasandong sample is distinctive from them as evidenced by the predominance of Early Jurassic zircons followed by Triassic zircons, but lacking Neoproterozoic and Cretaceous zircons.
Jinju Formation
We obtained a total of 239 concordant or slightly discordant detrital zircon ages from the Jinju samples. The zircon ages are also widely spread, ranging from 106 Ma to 3321 Ma (Fig. 5a ). The zircon ages fall into four major age groups: Late Paleoproterozoic ages between 1808 and 2000 Ma (30%) with a peak at 1968 Ma, Early Jurassic ages between 189 and 201 Ma (12%) with a peak at 193 Ma, Early-Middle Jurassic ages between 163 and 188 Ma (10%), and Early Cretaceous ages between 106 and 122 Ma (8%) with a peak at 114 Ma. Also present are minor Early Paleoproterozoic age clusters without a prominent peak between 2064 and 2282 Ma (7%) and between 2318 and 2486 Ma (5%).
Like the age distributions of the underlying Hasandong Formation, the age spectrum of the Jinju sample from the northern portion of the basin is separated from those of samples from the central and southern parts (Fig. 5b) . Early Jurassic zircons predominate the northern Jinju sample with some Permian zircons, whereas Meso-to Neoproterozoic zircons are lacking, and Cretaceous zircons are scarcely present.
Interpretation and Discussion
As shown in Figure 2 , the wide range of ages represents the great variety of Lower Cretaceous to Paleoarchean magmatic activities in the source area, indicating that Lower Cretaceous Sindong Group sediments were derived from mixed sources. The Sindong Group contains two dominant populations of 1661-2486 Ma (44.8%) and 153-201 Ma (22.1%) detrital zircons with less abundant Triassic (9.2%), Neoproterozoic (8.7%), and Cretaceous (6.6%) ages. Paleocurrent data indicate Sindong Group sediment derivation from west and northwest (Chang and Kim, 1968; Koh, 1986) , most probably from the Yeongnam Massif. Thus, basement rocks and Jurassic plutons of the Yeongnam Massif likely supplied most of the 1661-2486 Ma and 153-201 Ma zircons to the basin. In general, our detrital zircon studies adequately define the geochronology of the Yeongnam Massif.
Source Rock Ages
Mesozoic zircons
The Mesozoic zircons in the Sindong Group range from 106-249 Ma, representing 37.8% of the analyzed zircons (Figs. 2 and 6a-c) . They are first-cycle zircons produced by weathering of igneous rocks in the Yeongnam Massif as evidenced by their euhedral grain shape. The Mesozoic detrital zircons cover more extensive age range than that reported from granitic rocks in the Yeongnam Massif, 169-240 Ma (Cheong and Kim, 2012 and references therein) ( Fig. 6e) . At present, the presence of Lower Cretaceous igneous rocks is not reported from the Yeongnam Massif. Although Jwa et al. (2008) reported two age groups of Cretaceous granitic rocks in the Yeongnam Massif, 99- 102 Ma and 82-83 Ma, they are younger than the observed Lower Cretaceous detrital zircons in this study and the depositional age of the Sindong Group. The Okcheon fold belt to the northwest of the Yeongnam Massif also does not contain Early Cretaceous granitic rocks. The lack of reports on the presence of Lower Cretaceous igneous rocks and granitoids represented by the Sindong Group detrital zircons suggests removal of these igneous rocks in the Yeongnam Massif probably by exhumation.
Spatially, Triassic plutons were likely distributed evenly in the Yeongnam Massif during the deposition of the Sindong Group (Fig. 6c ). Like the present distribution of Triassic plutons in the Yeongnam Massif and Okcheon fold belt (Fig. 1) , they mostly belong to Late Triassic in age. However, during the Early Cretaceous their exposures in the Yeongnam Massif were relatively minor.
As seen in Figure 2 , Jurassic zircons form the dominant contributor to the Sindong Group. Jurassic plutons were distributed heterogeneously both spatially and temporally (Fig. 6b) . During the deposition of the Nakdong Formation, Lower Jurassic zircons were mainly delivered to the central and southern portions of the basin, whereas Middle to Upper Jurassic plutons were more abundantly exposed in the catchments of the northern Nakdong Trough. However, during the deposition of the Hasandong and Jinju formations, the spatial distribution of Jurassic plutons changed drastically opposite to that during the Nakdong Formation deposition. Lower Jurassic plutons with some Middle Jurassic plutons were widely distributed in the catchments of the northern Nakdong Trough, whereas, although minor, Middle to Upper Jurassic plutons existed in the drainage areas of the central and southern portions of the basin. At present, Upper Jurassic plutons are not recorded in the Yeongnam Massif (Fig. 6e) and also in the Okcheon fold belt (cf., Cheong and Kim, 2012) . Kim et al. (2005) and Choi et al. (2012) interpreted that Jurassic magmatism in the southern Korean Peninsula was caused by the subduction of the Farallon-Izanagi Plate ridge. The presence of younger Jurassic detrital zircons in the Sindong Group compared to Lower Jurassic plutons in the Yeongnam Massif suggests that the younger Jurassic plutons were emplaced at shallower depths than that of the Jurassic plutons now exposed in the Yeongnam Massif. This interpretation is consistent with that of Kim et al. (2005) , who reported different emplacement depths of Jurassic granitoids: the earlier stage of magmatism at deeper depths and the younger stage of magmatism at shallower depths. Based on hornblende geobarometric calibrations, Cho and Kwon (1994) suggested that the average emplacement depths of Jurassic granites are 12-28 km. This indicates that uplift after Jurassic igneous activity elevated the Jurassic batholith from a depth of 12-28 km to surface, before the deposition of the Sindong Group. K-Ar biotite ages of the Middle Jurassic granitoids indicate that they were uplifted mainly between 150 and 170 Ma in South Korea , at an uplift rate within the range typical of orogenic areas. The rate of unroofing, or lag time, of the Yeongnam Massif was very rapid, as evidenced by enhanced exhumation of Jurassic deep plutons early in the erosional history of the Yeongnam Massif.
Based on the spatial distribution of Lower Cretaceous detrital zircons in the Nakdong Trough, Lee et al. (2010) interpreted that the magmatic activity was feeble during the Nakdong Formation deposition, the initial phase of the Nakdong Trough filling, and became progressively more active during the deposition of the Hasandong and Jinju formations. However, the locus of Lower Cretaceous magmatic activity was generally confined in the catchments of the Yeongnam Massif for the central and southern portions of the Nakdong Trough (Fig. 6a ).
Neoproterozoic-Mesoproterozoic Zircons
Neoproterozoic and Mesoproterozoic detrital zircons comprise 8.7% and 2.7% of the analyzed zircons, respectively (Table 1) . Both Neoproterozoic and Mesoproterozoic zircons show rounded to wellrounded shape, suggestive of recycling in origin. Most of the zircons of Neoproterozoic age range from 671 to 846 Ma (Fig. 6d) . In general, the source rocks for Neoproterozoic zircons were mainly exposed in the catchments of the central and northern portions of the basin. Neoproterozoic-Mesoproterozoic detrital zircons were reported from Upper Paleozoic quartzites (Park et al., 2011) and post-Ordovician metasediments (Cho et al., 2013) in the central Okcheon fold belt. However, Neoproterozoic zircons from these two sedimentary units are mostly concentrated in the early Neoproterozoic, older than 850 Ma, whereas late Mesoproterozoic ages are within the same range of Sindong Group detrital zircons. There is no known occurrence of potential zircon-bearing rocks within these age ranges in the Yeongnam Massif and also in the Okcheon fold belt, except for several rock bodies in the Okcheon fold belt formed in ca. 750 Ma (Lee et al., 1998; Cho et al., 2004; Choi, 2013) . Also, there are no known proba-ble sources that could provide Grenvillian detrital zircons in the Yeongnam Massif. Thus, further study is necessary to identify their provenance.
Paleoproterozoic Zircons
Paleoproterozoic zircons with the main peak of 1870 Ma constitute the most abundant zircons (44.8%) in the Sindong Group sandstones (Fig. 2) . Paleoproterozoic rocks are widely distributed in the Yeongnam Massif, in which 1870 Ma rocks are most abundant not only in the Yeongnam Massif but also in other Precambrian massifs in Korea (Sagong et al., 2003) . Spatially, these Paleoproterozoic rocks were more widely distributed in the catchments of the Yeongnam Massif for the northern and central portions of the Nakdong Trough (Fig. 6f ).
Provenance Characteristics
Based on the relative proportions of detrital zircon ages, the geology of the catchments for the Sindong Group in the Nakdong Trough was spatially different (Table 2) . This interpretation is supported by Lee et al. (2015) , who reported the possible existence of different drainage and fluvial system for the Nakdong Trough. The catchments for the northern portion of the Nakdong Trough apparently consisted of rocks of Jurassic >> Paleoproterozoic > Triassic, those for the central portion were composed of Paleoproterozoic > Neoproterozoic Ẽ arly Cretaceous ~ Jurassic > Triassic, and those for the southern portion were composed of Paleoproterozoic >> Neoproterozoic ~ Early Cretaceous > Jurassic ~ Mesoproterozoic. As zircon is a common constituent of felsic to intermediate igneous rocks and of sedimentary rocks (Marshall, 1967; Morton, 1985) and can survive erosion, transportation, deposition, and diagenesis, it is interpreted that the Sindong detrital zircons do not represent ages of igneous rocks in the immediate source rocks in the Yeongnam Massif. Instead, they may represent mixtures of ages from primary and ultimate source rocks. Lee et al. (2015) reported that source terranes for the Sindong Group have heterogeneous spatial and temporal distribution and were composed mainly of Precambrian basement and Triassic to Jurassic granitic rocks, with minor (meta)sedimentary rocks and syndepositional volcanic rocks. Following this information, a previous study (Lee et al., 2018a, b) , and present geology of the Yeongnam Massif, Triassic and Jurassic Table 2 . Results of Kolmogorov-Smirnov (K-S) test run on the detrital zircon age data from the Sindong Group sandstones. P values larger than 0.05 are marked in yellow with bold text zircons were derived from granitic rocks, Paleoproterozoic zircons from basement rocks, and Early Cretaceous zircons from the syndepositional volcanic rocks. Detrital zircons of other ages might have been derived from recycling of (meta)sedimentary rocks that were distributed in the Yeongnam Massif, whose areal extent was not significant compared to that of basement and Triassic-Lower Cretaceous igneous rocks, all of which are related to the several orogenic events (Sagong et al., 2003; Choi et al., 2012) .
Drainage System
Probabilities ( (Table 2 ). These very high p values do not indicate statistically significant differences among the samples, and they strongly suggest that the samples were derived from a common underlying population. Although the probability of the K-S test between the Hasandong and Jinju samples in the northern portion of the basin (the second group) is relatively low (p = 0.146), the statistical analysis suggests that these two formations cannot be distinguished as being derived from separate populations (cf., Press et al., 1986) .
The dissimilarity among the samples can be visualized to multidimensional scaling (MDS) map (Fig. 7; Vermeesch, 2013; Vermeesch et al., 2016) . MDS is a robust superset of principal component analysis, a technique to compare multimple samples by dimension reducing (Vermeesch, 2013) . It makes a map plotting the samples according to their dissimilarity: more similar ones closer, less ones farther. The MDS map of the Sindong Group sandstones analyzed in this study ( Fig. 7a ) and that of the compiled detrital zircon age data from the previous studies (Kim and Lim, 2017; Lee et al., 2017 Lee et al., , 2018a Fig. 7b ) with this study yield consistent results with the K-S test, dividing the samples into the same three groups inspite the heterogeneity of individual samples in Figure 7b .
The three distinguished sample groups may represent different geology of catchments, suggesting that during the Sindong Group deposition at least three different drainage systems were developed on the footwall sources.
Northern Nakdong Trough
In the northern portion of the basin, there were at least two different drainage systems: one for the Nakdong Formation and the other for the Hasandong and Jinju formations. This interpretation may be supported by the sedimentological work by Rhee et al. (1988) and Jo and Chough (2001) , who studied the Sindong Group in the northwestern corner of the Gyeongsang Basin. They interpreted that the Sindong Group was deposited eastward following the eastward shift in the locus of the sediment deposition without changes in sediment dispersal pattern to south-to southeastward due to tilting or block faulting of the basin floor along the Andong Fault, the northern boundary of the Nakdong Trough, under extensional or transtensional tectonic regime. If this paleogeographic reconstruction of the Nakdong Trough is accepted, the paleofluvial system draining into the northern Nakdong Trough during the Nakdong Formation deposition could not catch up the migrating depocenters to the right and the new paleofluvial system was developed from the north during the deposition of the Hasandong and Jinju formations. This interpretation may partly explain the relatively low p values between the Hasandong and Jinju samples in the northern portion of the basin. After the deposition of Figure 7 . MDS map of (a) the detrital zircon ages of the Sindong Group sandstones in this study and (b) compiled zircon age data from this study and previous studies (Kim and Lim, 2017; Lee et al., 2017; Lee et al., 2018a,b) . The more similar samples are located close together, whereas the less same samples farther, making three sample groups identical to those of the K-S test. The solid circles in (b) are the integrated data from the each part of the formation. Note that these integrated data show the same three groups inspite heterogeneity of the data from the individual samples.
the Hasandong Formation, the successive eastward development of the depocenter might have caused adjustment of the paleofluvial system by incorporating slightly different mix of source rocks to the newly formed depocenter for the Jinju Formation deposition. However, the studied section in this study is far south to southeast of the Rhee et al. (1988) 's study area, and thus this scenario may not hold true for this study. Rather, it is interpreted that the Nakdong paleoflow system kept its course through the deposition of the Hasandong and Jinju formations and that the drainage basin became sourced from topographic highs composed more of Jurassic granitoids than that for the Nakdong Formation.
The change in provenance between the Nakdong and Hasandong formations is supported by the nearly two-fold increase in feldspar content among the framework grains (Lee et al., 2015) . This was likely caused by strong influences resulting from confluence of dispersal paths draining Jurassic granitoids. In other words, provenance signatures of the paleoflow systems were diluted downstream, as new Jurassic populations are introduced and the system attains second-order. The significantly increasing population of Jurassic age during the Hasandong Formation deposition indicates addition of or expanding Jurassic plutons in its provenance during that time frame. Lee et al. (2015) interpreted that repeated faulting activities occurred in the Yeongnam Massif at the onset of the deposition of each of the Hasandong and Jinju formations in the northern portion, which suggests readjustment of drainage areas during the deposition of the Hasandong and Jinju formations. Alternatively, outcrops of Jurassic granitoids were uncovered by downcutting of the river.
Central Nakdong Trough
The paleofluvial system for the central portion of the basin was different from that for the northern portion of the basin and kept supplying similar detritus continuously during the basin filling. This interpretation suggests that the geology of the drainage basin area did not change temporally. As the p value (0.246) of the Nakdong Formation samples between the northern and central portions of the basin indicates that detrital zircons for both areas were derived from the same underlying population, which suggests that the paleofluvial system for the Nakdong Formation in both areas originated either from common topographic highs or separately in parallel from the mountain ranges composed of similar geology.
Southern Nakdong Trough
For the southern portion of the basin, two different paleofluvial systems are inferred from the K-S test for samples between the Nakdong and Hasandong−Jinju formations. The paleoflow system for the Nakdong Formation drained source terranes composed mainly of Paleoproterozoic rocks with some Jurassic rocks. This interpretation is supported by the present geology of the southwestern Yeongnam Massif, consisting of widespread Paleoproterozoic basement rocks and Jurassic granitoids with sparsely distributed Triassic granitoids (Fig. 1) . On the contrary, the paleoflow system for the Hasandong and Jinju formations drained source terranes composed of rocks of mixed Paleoproterozoic, Mesoproterozoic, Neoproterozoic, and Early Cretaceous in age. Lee et al. (2015) reported that Nakdong sandstones are rich in quartz (av. 73% of framework grains) and metamorphic rock fragments, whereas Hasandong and Jinju sandstones are rich in feldspar and volcanic rock fragments. They also reported the sudden increase in plutonic quartz grain content at the onset of the Hasandong Formation deposition. Since we do not have data from the samples between the studied samples of the Nakdong and Hasandong formations, it is yet clear if the paleofluvial system was the same during the Sindong Group deposition but only with a change in provenance characteristics with time.
Hypotheses for Changes in Drainage Systems of the Nakdong Trough
Four hypotheses can be raised to explain the age separation of detrital zircons between the Nakdong and Hasandong-Jinju formations and similarity of age spectra of the Hasandong and Jinju formations to those of the Sindong Group in the central portion. Spatially, the fault throw was different along the western boundary fault of the Nakdong Trough. There was a large fault throw in the southern segment of the boundary fault as evidenced by the presence of relatively thick (~160 m) gray massive conglomerates in the lower part of the Nakdong Formation (Choi, 1981) . As a river continues to drain across the large fault scarps, sediment input from footwall catchments resulting from the incision across the footwall uplifts (e.g., Cowie et al., 2006) would be increased and might dominate the sediment composition.
Considering the common tectonic control for changing drainage patterns (e.g., Hoon et al., 1995) and the extensional origin of basin formation, however, we hypothesize that the fault movements that occurred prior to or syndepositional with the deposition of the Hasandong Formation (Lee et al., 2015) likely explain the drastic changes in detrital zircon age distribution from that of the Nakdong Formation and abrupt increase in plutonic quartz grains at the onset of Hasandong Formation deposition (Lee et al., 2015) . The drainage basin seemed to have widened to the source terrane having similar geology to or shared the source terrane for the paleoflow system for the central portion. Alternatively, as relay ramps between fault segments along the basin edge are commonly the entry points of river system into the hanging wall depocenters (Cowie et al., 2006) , the paleoriver that supplied detritus to the Nakdong Formation might have drained low gradient hinterland catchments. Sediment supplied during the early rift-initiation stage is well-processed by the low-gradient rivers, resulting in relatively mature composition (Cowie et al., 2006) , which may explain the relatively quartz-rich nature of the Nakdong sandstone. Following the faulting and linkage of the fault segments, the paleoriver might have maintained its course during the deposition of the Hasandong and Jinju formations. As a river continues to drain across the active fault scarps, sediment input from footwall catchments resulting from the incision across growing footwall uplifts (Cowie et al., 2006) would be increased and might dominate the sediment composition. In such a case, the ages of detrital zircons of the Hasandong and Jinju formations samples may represent those of footwall rocks. However, this interpretation is less likely considering the presence of considerable amount of lithic fragment in the Nakdong Formation (av. 13% of the framework grains; Lee et al., 2015) and the statistically indistinguishable detrital zircon age spectra of the samples in the central and southern portions as shown by the K−S test: p = 0.253 for the Nakdong Formation in the central portion and the Hasandong Formation in the southern portion and p = 0.674 for the Hasandong Formation in both portions.
A third hypothesis is that during the Hasandong Formation deposition in the southern portion, the paleoflow system developed in the central portion might have deflected toward the southern portion due to increased fault throw and slip rate that occurred at the onset of the Hasandong Formation. This interpretation is partly supported by the occurrence of relatively thick, amalgamated sandbodies (~6 m thick) in the middle of the Hasandong sequence, which was interpreted to be braided fluvial deposits formed in axial channels flowing south (cf., Egawa and Lee, 2009) . A similar faulting activities were suggested at the onset of the Jinju Formation deposition in the central portion by Lee et al. (2015) , which suggests that following the above hypothesis the paleoflow system might have deflected back to the central portion and deposited the Jinju Formation there. However, this hypothesis does not explain the dominant sediment of the Hasandong Formation being a deposit of highly sinuous fluvial system (Choi, 1986b) , the high p value between the Hasandong and Jinju formations in the southern portion and between the Jinju formations in the central and southern portions (0.860 and 0.656, respectively), and the paleocurrent data for the Jinju Formation in the central portion (Chang and Kim, 1968) .
A fourth hypothesis is that after deposition of the Nakdong Formation, the Hasandong and Jinju formations were deposited from the paleoflow system that was bifurcated from the paleofluvial system responsible for the central portion. River bifurcation is a common phenomenon when a stream nears a lake or the ocean forming a distributary channel (channels). In this case, the river bifurcation should have been in the upper reaches of the main paleoflow system of the central portion to deposit thick Hasandong fluvial plain sediments. However, river bifurcation in the upstream is rather uncommon and compared with the main channel, the suggested distributary channels may not have carried enough sediments to deposit thick Hasandong and Jinju formations in the southern portion.
The schematic diagram depicting the paleodrainage systems for the Sindong Group is shown in Fig. 8 . The studied three portions of the basin are envisaged to have received the sediments through respective drainage-basin outlets, whose spatial spacing often tends to be regular on fault blocks (Talling et al., 1997) . As the orientation of the volcanic front parallels the strike of the subducting plate, Jurassic granitoids in the Yeongnam Massif are distributed in general with a NE-SW-trending trend (Choi et al., 2012) . The Yeongnam Massif to the west of the central portion is composed of complex masses of Triassic and Jurassic granitoids, which may have provided resistant substrate forming ridge crest dividing the drainage basins between the central and southern portions. The same is true for the part of the Yeongnam Massif to the west of the northern portion of the basin. Sediments to the Nakdong Trough were supplied through the orogennormal oriented valley system from at least three orogen-parallel drainage basins developed in the Yeongnam Massif. Thus, it is inferred that the geology of the Yeongnam Massif was not uniform like the present day: the central Yeongnam Massif was composed of Paleoproterozoic basement rocks and Triassic/Jurassic granitoids with Mesoproterozoic−Neoproterozoic supracrustal rocks, whereas the southwestern Yeongnam Massif was composed mostly of Paleoproterozoic basement rocks with some Jurassic granitoids.
Conclusions
To characterize the sedimentary provenance and paleodrainage system for the Sindong Group, sandstones from three different parts of the Nakdong Trough (northern, central, and southern parts) were collected for detrital zircon U−Pb dating using a LA-ICP-MS technique. Detrital zircons show a wide range of ages from 106 Ma to 3494 Ma with spatial and temporal variations of age population. Based on the K−S statistical test and MDS map, zircon-age populations can be grouped into three sample groups representing respective provenance during the Nakdong Trough filling: (1) northern and central Nakdong sandstones, central and southern Hasandong sandstones, and central and southern Jinju sandstones, (2) northern Hasandong and northern Jinju sandstones, and (3) a southern Nakdong sandstone. The source terranes for the central portion of the basin were composed dominantly of Paleoproterozoic rocks with subordinate Neoproterozoic, Triassic, Jurassic, and Lower Cretaceous rocks. Sandstones from the Nakdong Formation in the northern portion and the Hasandong and Jinju formations in the southern portion of the basin were also derived from the same provenance, but through different paleodrainage system. By the time of the Hasandong For- mation deposition in the northern portion of the basin, the paleodrainage had switched to source terranes composed mainly of Jurassic granitoids with minor Paleoproterozoic rocks and continued supplying detritus to the overlying Jinju Formation. The paleodrainage system for the Nakdong Formation in the southern portion of the basin had proximal sources composed mainly of Paleoproterozoic rocks, but for the Hasandong and Jinju formations the paleodrainage was different from that for the underlying Nakdong Formation and was connecting pluton-parallel to the source terranes for the central portion of the basin after faulting activities at the onset of the Hasandong Formation deposition. Combined with petrographic data of Lee et al. (2015) , the spatial and temporal age distribution of detrital zircons of the Sindong Group suggests evolution of paleodrainage patterns in the Yeongnam Massif in association with faulting activities during the deposition of the Sindong Group. Our model posits that at least three Early Cretaceous flows across the Yeongnam Massif funneled into the three different parts of the Nakdong Trough. This interpretation is supported by the apparent belt-like distribution of the stratigraphic units in parallel to each other along the axis of the Nakdong Trough.
